This work aims to improve the oxidative stability of alkaline amylase from Alkalimonas amylolytica 24 through structure-based site-directed mutagenesis. Based on an analysis of the tertiary structure, five 25 methionines (Met 145, Met 214, Met 229, Met 247, and Met 317) were selected as the mutation sites 26 and individually replaced with leucine. In the presence of 500 mM H 2 O 2 at 35°C for 5 h, the wild-type 27 enzyme and the mutants M145L, M214L, M229L, M247L, and M317L retained 10%, 28%, 46%, 28%, 28 72%, and 43% of the original activity, respectively. Concomitantly, the alkaline stability, thermal 29 stability, and catalytic efficiency of M247L were also improved. The pH stability of the mutants 30 (M145L, M214L, M229L, and M317L) remained unchanged compared to that of the wild-type enzyme, 31
INTRODUCTION 45
α-Amylases hydrolyze starch by cleaving α-1, 4-glucosidic linkages and have been widely used in 46 the food, textile, and pharmaceutical industries (10, 16, (20) (21) (22) 25) . Alkaline α-amylases have high 47
and after eluting the unbound proteins, a linear elution was done by ramping buffer B from 0% to 111 100%. The fractions were collected for activity assay and SDS-PAGE analysis. 112
113

Enzyme assays 114
Alkaline amylase activity was determined by measuring the amount of reducing sugar released 115 during hydrolysis of 1% soluble starch in glycine/NaOH buffer (pH 10.0, 20 mM) at 55°C for 5 min. A 116 control without enzyme addition was used. The amount of reducing sugar was measured with a 117 modified dinitrosalicylic acid method (7). One unit of alkaline amylase activity was defined as the 118 amount of enzyme that released 1 μmol of reducing sugar as glucose per min at the assay condition. 119
The protein concentration was measured with the Bradford method (27), with bovine albumin (Sangon 120
Biotech, Shanghai, China) as the standard. 121
122
Computer-aided modeling of the tertiary structure 123
The theoretical structure of alkaline α-amylase was obtained from homology modeling from the 124 Swiss Model server (1, 8) . Amino acid mutations were inserted into the structure with the mutation tool 125 of the Swiss-Viewer followed by side chain reconstruction for neighboring amino acids and energy 126 minimization (2). The root-mean-square deviation (RMSD) for the modeling structure was calculated 127 The thermal stability of alkaline α-amylase was determined from 30 to 50°C in glycine/NaOH 142 buffer (pH 9.0, 20 mM). The enzyme was incubated at 30°C for 10 h, and was incubated at 40 or 50°C 143 for 2 h. The activation energy (E a ) was determined in the temperature range from 20 to 50 o C from the 144
Arrhenius equation ln (k) = (-E a /RT) + ln (A). The reaction rate constant (k) was calculated from the 145 equation ln (c) = -kt + ln (c 0 ), where c is the concentration of the substrate (soluble starch), and c 0 is the 146 initial concentration of the substrate. To estimate the optimal pH of alkaline α-amylase, the purified 147 protein was incubated in sodium phosphate buffer (pH 6.0-8.0, 20 mM), Tris/HCl buffer (pH 8.0-9.5, 148 20 mM), glycine/NaOH buffer (pH 9.5-11.0, 20 mM), and Ca(OH) 2 buffer (pH 12.0, 20 mM). The pH 149 stability of alkaline α-amylase was determined at pH ranging from 6.0 to 12.0 at 25°C for 24 h. After 150 incubation, the alkaline α-amylase activity was measured at pH 10.0 and 55°C. The starting 151 concentration for the alkaline α-amylase was 16 U/mL. 152 153 8
The kinetic parameters (K m , V max , k cat , and k cat /K m ) of the wild-type enzyme and mutants were 155 determined in glycine/NaOH buffer (pH 10.0, 20 mM) at 55°C. Assays were performed with active 156 enzyme at a fixed starting level of 16 U/mL and soluble starch at concentrations ranging from 1 to 10 157 g/L. Enzyme kinetic parameters K m and V max were estimated from Eadie-Hofstee plots (6). 158
159
Effect of surfactants and detergents on stability and activity 160
The effect of surfactants Tween 20, Tween 60, Tween 80, Triton X-100, and sodium dodecyl 161 sulfate (SDS) on enzyme stability was studied by pre-incubating enzyme at 40°C for 1 h. The 162 concentration of surfactants was 10% (w/v). The starting concentration for the alkaline α-amylase was 163
16 U/mL. Residual enzyme activity was measured under standard assay conditions. The activity of 164 enzyme without surfactant addition was taken as 100%. Compatibility of enzyme with solid detergents 165 was studied with laundry solid soap (Nice, China), toilet soap (Safeguard, USA), washing powder-1 166 (Tide, USA), and washing powder-2 (Nice, China). Compatibility of enzyme with liquid detergents 167 was studied with laundry detergent-1 (Blue noon, China), laundry detergent-2 (Liby, China), liquid 168 detergent-1 (Nice, China), and liquid detergent-2 (Liby, China). The detergents were first diluted in tap 169
water to give a concentration of 70 mg/mL for solid detergents and 10% for liquid detergents. The 170 endogenous proteases from the detergents were inactivated by incubating the detergents at 65 o C for 1 h 171 before addition. When enzyme activity was determined, the detergents were diluted to give a final 172 concentration of 7 mg/mL for solid detergents and 1% for liquid detergents to simulate washing 173 conditions (15). The enzyme activity of the control without detergent addition was taken as 100%. To determine the mutation sites of alkaline amylase, a 3-D (three-dimensional) model of alkaline 190 amylase was constructed based on the known structure of α-amylase B (3bc9) with the Swiss Model 191 server ( Fig. 1(A) 
201
Pro211, and Asp217; whereas, the active site of AmyA includes Asp248, Glu278, and Asp340. 202
As suggested by the constructed model (Fig. 1 Oxidation of these methionine residues could increase the size of the side-chain and cause steric 205 obstruction of the active site (15). And replacing these methionine residues with leucine may improve 206
anti-oxidative resistance of the enzyme to H 2 O 2 . Surface-exposed methionine residues in proteins have 207 been also shown to be susceptible to oxidation (14) . Although Met 317 is not in the cavity of the active 208 site, it is sufficiently close to the active site and exposed to the surface ( Fig. 1 ) and may also contribute 209 to oxidation stability of the enzyme. Thus, structure analysis of the enzyme suggests that these five 210 methionine residues may be the key amino acids for improving anti-oxidative properties. 211 212
Expression of mutant proteins 213
Based on the above structure analysis, five methionine residues were replaced with leucine 214 through site-directed mutagenesis. After verification of the gene sequence, the mutant genes were 215 recombined with pET-20b (+) and expressed in E. coli BL21 (DE3). SDS-PAGE analysis shows that 216 the protein after mutation was approximately 60 kDa (Fig. 2) . 217
218
Oxidative stability of the wild-type and mutant proteins 219
The wild-type and mutant enzymes were evaluated for their tolerance to H 2 O 2 . The wild-type 220
on September 12, 2017 by guest http://aem.asm.org/ Downloaded from enzyme was susceptible to oxidation, with less than 10% of the original activity retained when the 221 enzyme was incubated with 500 mM H 2 O 2 at 35°C for 5 h (Fig. 3) . In contrast, the mutants M145L, 222 M214L, M229L, M247L, and M317L exhibited an enhanced oxidative tolerance to H 2 O 2 , and retained 223 respectively 28%, 46%, 28%, 72%, and 43% of the original activity in the presence of 500 mM H 2 O 2 224 for 5 h. It was noted that the remaining activity of M247L was enhanced by 7-fold compared with that 225 of the wild-type enzyme. 226
The methionine residue of amylase plays an important role in the oxidative sensitivity. Oxidation 227 of methionine has been shown to cause activity decrease or inactivation of amylase (15). Thus 
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The effects of pH on the stability of the mutant enzymes were studied. As shown in Fig. 4 (A) , the 243 stable pH range of the four mutants M145L, M214L, M229L, and M317L remained unchanged 244 compared to that of the wild-type. In contrast, the stable pH range of M247L was extended from 245 7.0-11.0 to 6.0-12.0. The results were further confirmed by CD spectra (Fig. 5) . The CD spectrum of 246 the wild-type and engineered enzymes from 190 to 250 nm at 25 o C shows that the secondary structure 247 of the mutant enzymes was not significantly altered compared with that of the wild-type enzyme. 248
In order to further explain the effect of mutation on pH stability, the enzyme's hydrogen bonding 249 network was studied. As shown in The secondary structure of the mutants changed little after mutation by CD spectra analysis (Fig.  269   5) . However, the hydrogen bonds would appear to be responsible for maintaining the enzyme stability 270 at high temperature (4). At high temperature, the enzyme seems unable to retain the tightly coiled, 271 thermostable, and catalytically active structure in the absence of proper hydrogen bonds (4). The 272 substitution of Met by Leu caused changes in the hydrogen bonds, and the number of hydrogen bonds 273
increased from 437 to 449 (Fig. 6) . The mutant M247L became more stable at high temperature, 274 possibly due to strengthened electrostatic interactions within the enzyme. 275
276
Influence of mutation on the kinetic parameters and specific activity 277 mutant enzymes displayed similar secondary structures based on far-UV CD spectra analysis (Fig. 5) . 291
The increased substrate binding ability (as indicated by the decreased K m ) of the mutants contributed to 292 the increase of k cat /K m , while the increase in the substrate affinity may have resulted from changes in 293 electrostatic interactions around the catalytic residues after mutation (Fig.4) . 294
In most cases, site-directed mutagenesis has a negative influence on specific activity. For example, 295 the specific activity decreased from 1,000 to 845 U/mg when Met197 was replaced by Ala in the 296 α-amylase from Geobacillus stearothermophilus US100 (15), and the specific activity greatly 297 decreased when mutations were introduced at positions 315 and 446 in the α-amylase from Bacillus sp. 298 TS-23 (17). As shown in Table 2 , the specific activity of the mutants M145L, M214L, M229L, and 299 M317L decreased in this work, while that of M247L increased compared to the wild-type enzyme. 300 301
Effect of surfactants and detergents on the stability and activity of mutant enzymes 302
To evaluate the mutants' potential utility in the detergent and textile industries, the activity of 303 alkaline amylase was evaluated in the presence of surfactants, including Tween 20, Tween 60, Tween 304 80, Triton X-100, and SDS. As shown in Fig. 7 (A) , compared to that of the wild-type enzyme, the 305 activity of the mutant enzymes decreased after incubation at 35°C for 1 h in the presence of 10% (w/v) 306 with the enzyme, causing a change in enzyme activity (3). For the non-ionic surfactants such as Tween 310 20, Tween 60, Tween 80, and Triton X-100, without electrostatic interactions with the enzyme, the 311 effect on enzyme activity might be due to local structural rearrangements of the critical residues in the 312 active site as a consequence of the mutations (3, 24). 313
Evaluation of the effect of surfactants alone on the mutated enzymes is not sufficient in gauging 314 suitability for their incorporation in commercial detergents. Therefore, the activity of the enzymes was 315 studied in the presence of different solid and liquid detergents (Fig. 7 (B) ). The wild-type and 316 engineered α-amylase were found to be less stable in the presence of liquid detergents. In the presence 317 of laundry detergents or liquid detergents, the activity of the enzymes decreased to less than 50%. 318
However, the enzymes were stable in the presence of solid detergents (washing powder); the activity 319 increased for some engineered enzymes. In the presence of washing powder, the activity of M229L, 320 M247L, and M317L increased compared to that of the wild-type. Addition of engineered enzyme 321 (M247L) with washing powder-1 and washing powder-2 increased the activity by 35% and 30%, 322
respectively, compared to that before addition of the powders. However, in the presence of solid soap, 323 all of the wild-type and engineered enzymes were less stable. These results suggest that after mutation, 324 M247L became more compatible with the majority of solid detergents (washing powders). This 325 observation bodes well with other studies where, for AmyUS100ΔIG/M197A from Geobacillus 326 stearothermophilus, incubation in the presence of Lav+ and Nadhif (detergents) increased the activity 327 The catalytic parameters of enzymes were determined for combinational mutations in this work 345 (Table 3) 5 U/μmol before mutation to 1.18×10 5 U/μmol after mutation. The synergetic interaction of the 357 five sites helps to improve the catalytic efficiency of the enzyme. 358
Previously it was reported that the oxidative stability of α-amylase can be improved by 359 introducing mutation in Met residues (15, 19). For example, replacing Met208 in Bacillus sp. TS-23 360 α-amylase with leucine enhanced its resistance to H 2 O 2 (19). When Met 197 of α-amylase from 361
Geobacillus stearothermophius US100 was replaced with alanine, resistance towards chemical 362 oxidation was enhanced (15). However, in most cases, the oxidative stability improved only at the 363 expense of decreased alkaline stability, thermal stability, catalytic efficiency, or specific activity (15, 364 17, 19), and this greatly limited the potential in applying the targeted enzymes. In this work, mutating 365
Met 247 into leucine led to a 7-fold increase in oxidative stability and improved to varying extents the 366 alkaline stability, thermal stability, catalytic efficiency, specific activity, and tolerance to detergents 367 (washing powder). Here, the mutant M247L has a great potential in the textile and detergent industries. Tables  533   534   Table 1 
